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In this dissertation, two- and three-dimensional numerical models have been 
developed to study the physics of fluid-structure interactions near the sea bed. Apart 
from the details of flow separation and vortex generation, the models have been 
developed with the ability to model arbitrary moving boundaries, including the free 
surface and the boundary of a moving solid object, in inertial Cartesian coordinate 
system without the need for grid regeneration. The two-dimensional model solves the 
Navier-Stokes equations directly. The three-dimensional model is based on the 
filtered Navier-Stokes equations, in which the large eddies are solved explicitly and 
the subgrid-scale flow effects are modeled using a dynamic eddy viscosity model.  
A numerical scheme based on immersed boundary (IB) method has been 
developed to capture the physics of fluid interactions with both stationary and moving 
objects. Based on the IB methodology, general formulae have been derived to 
calculate the hydrodynamic force components acting on objects of arbitrary shapes, 
either stationary or in motion. The formulae highlight the fact that the imposed force 
term introduced in the IB method contributes to both the force applied by the object 
on the fluid and the unsteady flow inside the virtual space occupied by the object in 
the IB formulation. The derived formulae are particularly useful when dealing with 
objects in unsteady motion. Several case studies, including the simulation of the 
vortex-induced vibration (VIV) of a circular cylinder, are carried out in the thesis to 
demonstrate the flexibility of the IB scheme. 
In the integrated modeling effort, free surface motions are tracked with the 
Volume of Fluid (VOF) method including the use of a piecewise linear interface 
calculation (PLIC) scheme. The free surface boundary condition for the pressure is 
accurately satisfied in the computation.  
 viii
Both the IB and VOF methods have been validated separately by carrying out 
various case studies in two and three dimensions. In addition, the combined two-
dimensional IB-VOF model has also been rigorously validated by carrying out several 
case studies, including the simulations of a solitary wave passing over a shelf and a 
submerged rectangular object, progressive periodic waves propagating over a 
submerged trapezoid, and wave generation induced by a moving bed. The numerical 
results compared very well with the experimental data and numerical results reported 
by other researchers, including the details of free surface evolutions and the velocity 
field near the object. These case studies not only exhibit the model’s capability in 
predicting the nonlinear free surface movement accurately in the presence of a 
submerged stationary object of regular/irregular geometry, but also demonstrate the 
model’s ability to deal with the moving solid boundary in a flexible manner.  
The well-validated IB-VOF model has been applied to simulate the progressive 
periodic waves propagating over a circular cylinder close to or sitting on the bed. The 
mechanism of the boundary layers separation, vortex shedding and advection of 
vortices is explored by carefully examining the instantaneous flow fields in the first 
two wave cycles. For the case of a small separation gap between the cylinder and the 
sea bed ( De 1.0= ), the flow is characterized by a jet-like flow between the cylinder 
and the bed and the vortex shedding mode is found to be of the type ‘2P+S’. In the 
case of a cylinder sitting on the bed ( 0=e ), a vortex pair (or vorticity concentration 
pair) is formed in each half wave cycle and the vortex shedding mode is ‘P+S’. In the 
latter case, the vortex pair rotates due to the unequal strengths of the two vortices and 
therefore moves towards the bed. This mechanism, together with the bed-shear stress 
distributions, clearly explains the possible occurrence of local scouring which is also 
observed in laboratory experiments. 
 ix
The integrated three-dimensional model has also been carefully validated by 
simulating the cases of a solitary wave passing over a submerged rectangular body 
and a uniform flow over a bed-mounted short circular cylinder. The model’s 
capability in handling three-dimensional objects of complex geometry is 
demonstrated. The numerical model has been applied to examine the case of regular 
waves propagating over a bed-mounted horizontal short circular cylinder. In this study, 
the Reynolds number is around 40,000 and the Keulegan-Carpenter (KC) number is 
about 3.5. A vortex is generated and shed behind the cylinder in each half wave cycle 
and the end effect is very small. Under this condition, the numerical results show that 
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